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CRYSTALLINE-TYPE DEVICE AND APPROACH THEREFOR 



FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT 

This invention was made with Government support under Contract No. 
5 USCLA 0160-G-BC767 awarded by the Defense Advanced Research Projects Agency. 
The U.S. Government has certain rights in this invention. 

FIELD OF THE INVENTION 

The present invention is directed to semiconductor devices and, more specifically, 
10 to semiconductor devices having crystalline or a crystalline-based material associated with 
liquid-phase crystalline growth. 

BACKGROUND 

Over the years, semiconductor devices have been developed in various forms and 
1 5 using a variety of different materials. A more common and conventional semiconductor 
device uses silicon (Si) as the main foundational material. As will be discussed further 
below, semiconductor-device research has explored the benefits of materials amenable to 
liquid-phase crystalline growth such as germanium-based (germanium-including) 
materials. 

20 In silicon-based semiconductor devices, active devices are typically formed in the 

surface region of the bulk silicon substrate. In some instances, an epitaxially grown Si 
layer may be formed over a bulk Si substrate and active devices are formed in the 
epitaxially grown layer. In such conventional applications, significant capacitance is 
generally present across a device junction that exists in the bulk silicon substrate or in the 

25 overlying epitaxially grown layers. This capacitance tends to slow down the switching 
speed of circuitry. 

One semiconductor application that has been implemented with silicon to reduce 
the capacitance associated with a bulk silicon junction involves the use of an insulative 
layer (e.g., oxide) to separate epitaxial silicon from bulk silicon and is commonly referred 
30 to as a silicon-on-insulator (SOI) structure. In an SOI structure, the insulator layer greatly 
reduces the device junction capacitances. The relatively reduced capacitance associated 
with SOI applications is beneficial for increasing switching speed in switching applications 
(e.g., transistors), where capacitance delays device switching. 
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While SOI structures have been found useful in reducing the capacitance typically 
associated with conventional silicon applications, the epitaxial silicon in the SOI structure 
exhibits relatively low carrier mobility. Germanium is an example material can be a 
desirable alternative to silicon for a variety of applications, largely because germanium 
5 exhibits a carrier mobility that is very high relative to that in silicon. For instance, 
germanium is a promising channel material for MOS-type transistors due to this high 
carrier mobility. Germanium also has other material properties that differ from silicon, 
such as a smaller bandgap. These properties facilitate optoelectronic devices and many 
additional device options. In the past few decades, the use of germanium as well other 

10 materials for integrated circuit applications have been investigated and implemented due to 
their enhanced qualities, relative to other types of semiconductor materials such as silicon. 

The use of semiconducting materials such as germanium-type materials with an 
implementation similar to SOI (/. e. , germanium-on-insulator (GeOI)) would accordingly be 
useful to achieve relatively low leakage current together with high performance associated 

15 with a low-capacitance interface with the insulator layer, similar to that exhibited with SOI. 

Single-crystal materials are desirable for use in active regions due to their 
characteristics relative to, for example, polycrystalline materials. However, single-crystal 
materials, such as germanium, are difficult to manufacture. In addition, when germanium 
is grown by epitaxy methods at a seed interface that includes silicon, a lattice mismatch 

20 (e-g-9 about 4%) between the germanium and silicon can result in defects that propagate 
from this seed interface. This lattice mismatch typically exists between any two different 
types of crystalline materials. Other approaches to forming single-crystalline materials, 
such as those using separation by implanted oxygen (SIMOX), wafer bonding, chemical 
vapor deposition (CVD) epitaxial overgrowth and solid-phase epitaxial growth (SPE) have 

25 been relatively complex and difficult to use. 

The above and other difficulties have been challenging to the implementation of 
single-crystal-based materials in a variety of semiconductor applications. 

SUMMARY 

30 The present invention is directed to the above and related types of circuit devices 

and their manufacture in which structures having a crystalline-based material that includes 
substantially epitaxial crystalline material. In connection with one aspect of the present 

■ 

invention, it has been discovered that relatively rapid growth of single-crystalline material 
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can be achieved with a liquid phase epitaxy (LPE) approach with relatively dominating 
epitaxial growth. This epitaxial approach is implemented to achieve a substantially single- 
crystal, defect-free material that can be implemented in a multitude of applications. The 
present invention is exemplified in a number of implementations and applications, some of 
5 which are summarized below. 

In one example embodiment of the present invention, a relatively unreactive (e.g., 
inert) material is used to contain a liquid-phase material during epitaxial growth. The 
unreactive material has a physical orientation that directs the growth of the single- 
crystalline material to mitigate defects in the epitaxially grown crystalline structure. 

10 In another embodiment, the unreactive material is formed over a substrate that is 

conducive to the initiation of crystalline growth of the liquid phase material upon cooling. 
The substrate and the unreactive material have generally higher melting points than the 
liquid-phase material, thus facilitating the containment of the liquid phase material during 
heating (liquefying) and cooling (crystallization). After heating, the liquid-phase material 

15 is cooled and crystalline growth is initiated near an interface between the liquid-phase 
material and the substrate. Initial crystallization is characterized by defects generally 
associated with a crystalline lattice mismatch between the substrate and the liquid phase 
material. The unreactive material is physically arranged to inhibit defects and promote 
single-crystalline growth upon crystallization of the liquid-phase material. For example, 

20 the unreactive material can be arranged such that the propagation front of the crystalline 
growth passes through a relatively narrow region. This relatively narrow region is used to 
inhibit the propagation of defects including those associated with the lattice mismatch. 

In another example embodiment of the present invention, single-crystal material is 
formed using a change in propagation direction of a crystalline growth front thereof to 

25 mitigate defects and promote single-crystal growth. In a more specific application, this 
change in propagation direction of the growth front results in a substantial narrowing (or 
"necking") of crystalline growth characterized by defects (due e.g., to a lattice mismatch 
between the crystalline structure being grown and a material at which the growth initiates). 
In this regard, a seeding location for the initiation of crystalline growth is formed adjacent 

30 to a geometrical boundary that causes the change in propagation direction. Crystalline 
growth is initiated (/. e. , upon cooling of liquid-phase material) at the seed location and 
propagates away from the seed location. Defects and/or undesirable growth such as 
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mismatch-type defects typically characterize this initial crystalline growth. Upon reaching 
the boundary, the propagation changes in direction and, correspondingly, undesirable 
and/or defect-related crystalline growth associated with the seed location is inhibited or 
even eliminated. Subsequent propagation of the crystalline front in a direction away from 
5 the geometrical boundary is substantially single-crystal growth. 

According to another example embodiment of the present invention, a 
semiconductor electronics device includes a substantially single-crystal material having a 
composition that is preponderantly epitaxially grown. The single-crystal material is 
formed, for example, using liquid phase epitaxy in a manner that rapidly generates single- 

1 0 crystal growth that dominates growth attributable to random nucleation. With this 
approach, a relatively high-quality epitaxial material is grown. 

In another example embodiment of the present invention, the single-crystal material 
is part of a capacitive-type structure with an inert-type layer disposed immediately adjacent 
the single-crystal material. Such a structure may be implemented, for example, in 

1 5 connection with common germanium-on-insulator (GeOI) type applications with the 
single-crystal material including single-crystal germanium. 

According to other aspects of the present invention, various embodiments are 
directed to a single-crystal-based material grown using a LPE approach involving a micro- 
crucible delivery of a liquid used to form the single-crystal-based material. In some 

20 instances, these and other embodiments are also directed to approaches for patterning an 
inert-type layer as well as material to be liquefied and used to form various single 
crystalline-based devices. 

The above summary of the present invention is not intended to describe each 
illustrated embodiment or every implementation of the present invention. The figures and 

25 detailed description that follow more particularly exemplify these embodiments. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention may be more completely understood in consideration of the detailed 
description of various embodiments of the invention in connection with the accompanying 
30 drawings, in which: 

FIG. 1 A is a flow diagram for growing relatively defect-free crystalline material, 
according to an example embodiment of the present invention; 
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FIG. IB shows a structure and approach for growing relatively defect-free 
crystalline material, according to another example embodiment of the present invention; 

FIGs. 2A-2F show cross-sectional views of a portion of a semiconductor device at 
various stages of manufacture, according to another example embodiment of the present 
5 invention in which: 

FIG. 2A shows a semiconductor device including a silicon substrate with an 
inert-type layer formed thereon; 

FIG. 2B shows the device of FIG. 2A with the inert-type layer patterned to 
form openings extending down to the silicon substrate; 
10 FIG. 2C shows the device of FIG. 2B having a germanium layer formed 

over the inert-type layer and on the silicon substrate at the openings in the inert-type layer; 

FIG. 2D shows the device of FIG. 2C with the grmanium layer patterned to 
form germanium device locations on the substrate; 

FIG. 2E shows the device of FIG. 2D with another inert-type material 
1 5 formed over the patterned germanium layer, the inert-type layer and the silicon substrate; 
and 

FIG. 2F shows the device of FIG. 2E having undergone melting and 
crystallization of the germanium layer with arrows showing progression of the 
crystallization front; 

20 FIG. 3 is a flow diagram for an approach to growing a germanium-based material 

using patterned seed locations, according to another example embodiment of the present 
invention; 

FIG. 4A is a cross-sectional, cut-out view of a silicon wafer coated with an inert- 
type layer having an array of seed openings patterned therein, according to another 
25 example embodiment of the present invention; 

FIG. 4B is a cross-sectional, cut-out view of an array of GeOI semiconductor 
regions formed using a wafer similar to that shown in FIG. 4A, according to another 
example embodiment of the present invention; and 

FIG. 5 shows an insulated gate field-effect transistor (IGFET) having an epitaxially- 
30 grown germanium-based channel region in a GeOI structure, according to another example 
embodiment of the present invention. 
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While the invention is amenable to various modifications and alternative forms, 
specifics thereof have been shown by way of example in the drawings and will be 
described in detail. It should be understood, however, that the intention is not necessarily 
to limit the invention to the particular embodiments described. On the contrary, the 
5 intention is to cover all modifications, equivalents, and alternatives falling within the spirit 
and scope of the invention as defined by the appended claims. 

DETAILED DESCRIPTION 

The present invention is believed to be applicable to a variety of different types of 

10 applications benefiting from single-crystalline-type structures, and has been found to be 
particularly useful for semiconductor circuits employing single-crystalline substrate 
materials and the manufacture thereof While the present invention is not necessarily 
limited to such approaches, various aspects of the invention may be appreciated through a 
discussion of various examples using this context. 

15 According to an example embodiment, the present invention is directed to the 

manufacture of a semiconductor device using an inert material to epitaxially grow a single- 
crystalline material from a liquid-phase material. This growth occurs while, using a 
physical orientation of the inert material to direct the growth of the single-crystalline 
material without typically-expected defects in the epitaxially grown crystalline structure. 

20 According to another example embodiment, substantially single-crystal material is 

grown over a substrate using liquid-phase epitaxy while mitigating defects therein. 
Crystalline growth is initiated with a liquid-phase material near a seed location from which 
a crystallization front propagates. Defects typically associated with the seed location (e.g., 
due to a lattice mismatch between the liquid-phase material and the substrate) that 

25 characterize the initial crystalline growth are mitigated (e.g., reduced or eliminated) using a 
defect-necking approach. In some instances, this defect-necking approach involves the 
promotion of a crystalline growth front propagation through a relatively narrow aperture 
that mitigates the tendency of defects such as dislocations or stacking faults from 
characterizing the crystalline growth. In other instances, the defect-necking approach 

30 involves the promotion of a change in direction of the propagation front of the crystalline 
growth, the change in direction similarly mitigating defects. 

In one implementation, an inert-type material (i. e. , material that is substantially 
unreactive with the liquid-phase material) is used to contain the liquid-phase material and 
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promote the defect-necking approach discussed above. The inert-type material and the 
substrate have a high melting point, relative to the melting point of the liquid-phase- 
material. In addition, the inert-type material is physically arranged to promote the above- 
discussed necking of defects that form as the liquid-phase material crystallizes. For 
5 instance, the inert-type material may be arranged having a relatively small cross-section 
through which the propagation front passes or having a shape that forces the propagation 
front to change direction as the liquid phase material crystallizes. In some instances, 
defects are mitigated using the physical arrangement of the inert type material to promote 
defect necking via mechanisms similar to those characterizing Czochralski-type crystalline 

1 0 growth. For general information regarding Czochralski-type crystalline growth and for 

specific information regarding growth mechanisms that can be implemented in connection 
with one or more of the example embodiments discussed herein, reference may be made to 
Balasubramaniam, R. and Ostrach, S., "Fluid Motion in the Czochralski Method of Crystal 
Growth," PCH PhysicoChemical Hydrodynamics, Pergamon Press Ltd, Great Britain, Vol. 

15 5(1), pp. 3-18, 1984, which is fully incorporated herein. 

According to another example embodiment of the present invention, a 
semiconductor device includes a germanium-based material (/. e. , germanium-including 
material) that is substantially single-crystal germanium formed using a liquid-phase epitaxy 
approach over an inert-type substrate material. In connection with this example 

20 embodiment, it has been discovered that epitaxial growth of single-crystal germanium is 
much faster than random nucleation associated with germanium crystallization. In this 
regard, epitaxial growth of the germanium-based material is initiated using a seed location 
that is conducive to germanium crystallization and from which a germanium crystallization 
front emanates. Near the seed location, a defect-necking type approach such as that 

25 discussed above is used to substantially inhibit the growth of defects characteristic of 
growth at the seed location, with subsequent growth being substantially single-crystal 
germanium growth. 

In another example embodiment of the present invention, an inert-type layer such as 
silicon nitride is formed on a silicon substrate {e.g., (100) silicon) and subsequently 
30 patterned to form openings that extend down to the silicon substrate. A layer of 

germanium-containing material is then formed over the inert-type layer and in the patterned 
openings, filling the openings and forming silicon-germanium seed locations at the silicon 
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substrate exposed by the patterning of the inert-type layer. The germanium-containing 
layer is then patterned to form germanium-crystallization regions, each region including at 
least one seed location. 

In one implementation, another layer of inert-type material is then formed over the 
5 patterned germanium-crystallization regions and, with the inert-type layer and silicon at the 
openings therein, forming an enclosure around the patterned germanium-crystallization 
regions. The inert-type material is selected to be relatively inert (e.g., non-reactive) with 
the germanium-containing material and further having a melting point that is higher than 
the germanium-containing material. In another implementation, the layer of inert-type 

10 material is not used over the germanium-containing material with the germanium- 
containing material being either bounded (e.g., on its sides) by inert-type or other material 
and/or the germanium-containing material being substantially unbounded. 

After the inert-type material is in place (if used), the germanium-crystallization 
regions are heated and liquefied under conditions that leave the inert- type material (if used) 

1 5 substantially intact and holding the liquefied germanium-containing material in place. The 
liquefied germanium-crystallization regions are then cooled and crystallized. The 
crystallization begins at the germanium-silicon seed location(s) and includes, for example, 
single-crystal and/or polycrystalline germanium growing in a generally upward direction 
limited by the patterned openings in the inert-type layer, with "upward" being relative to 

20 the view. As the crystallization front progresses and reaches an upper portion of the 

liquefied germanium, the crystallization front changes direction from the generally upward 
direction to a generally lateral direction. When an inert-type material is used as an upper 
bound of the liquefied germanium, this change in direction occurs when the crystallization 
front reaches the upper portion of the inert-type material. Upon the change in direction, 

25 defective-type crystallization growth associated with the crystalline seed location is 

substantially inhibited, with the progressing growth in the generally lateral direction being 
substantially single-crystal germanium. 

After the germanium crystallization regions are cooled and crystallized, the inert- 
type layer can be removed (if used), leaving behind patterned crystallized germanium 

30 regions having single-crystal germanium regions where the lateral crystalline growth 

occurred. The single-crystal germanium regions are then used to form devices including, 
for example, active regions used for current switching and other purposes. For instance, 
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when the inert-type layer formed on the substrate is an insulative layer and the resulting 
single-crystal germanium regions are located over the insulative layer, a germanium-on- 
insulator (GeOI) arrangement is formed and can be used to form transistors having a 
substantially single-crystal germanium channel region. With this approach, a multitude of 
5 circuit applications involving single-crystal germanium can be realized, with the patterning 
approaches discussed herein being used for placement thereof 

Various example embodiments of the present invention are directed to the 
crystallization of a liquid-phase material over a substrate using an inert-type material to 
contain the liquid-phase material and inhibit defects to promote single-crystalline growth. 

10 The relationship between the substrate, the inert-type material and liquid-phase material is 
such that the liquid phase material has a generally lower melting point than substrate and 
the inert-type material. In addition, the inert-type material is generally unreactive with the 
liquid-phase material (and/or a crystalline form thereof), and may include conductive 
and/or insulative material. Furthermore, the substrate is generally conducive to the 

15 formation of a crystalline seed location near an interface between the substrate and the 
liquid-phase material. By way of example, certain discussion is directed to specific 
examples involving particular types of materials used for the substrate, liquid-phase 
material and inert-type material. For instance, many examples discuss an approach to 
growing single-crystal germanium and a GeOI structure. However, these and other 

20 example embodiments are readily applicable to a variety of types of materials, including 
those exhibiting the relationships discussed above between the substrate, inert-type 
material in liquid-phase material. For instance, semiconducting and conducting materials 
other than germanium amenable to epitaxial growth (e.g., Gallium-containing materials and 
other III-V semiconductor type materials) may be implemented in connection with the 

25 germanium-based examples. 

Turning now to the figures, FIG. 1 A is a flow diagram for growing substantially 
single-crystalline material, according to another example embodiment of the present 
invention. At block 1 10, a seed location is formed adjacent to an inert-type layer of 
material formed on a seeding substrate (e.g., a silicon wafer). This seed location may be 

30 formed, for example, by creating an opening in the layer of inert-type material to expose a 
portion of the seeding substrate. Alternatively, the seeding substrate is deposited and/or 
grown adjacent to the inert-type material, which can be implemented in the form of a layer 
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as discussed above or otherwise implemented to suit the particular application. The inert- 
type material is selected to be relatively inactive with, as well as to have a higher melting 
point than, the single-crystalline material. 

At block 120, a semiconducting-type material is formed adjacent the inert-type 
5 material and in contact with the seed location. Inert-type material is also formed over and 
substantially enclosing the semiconducting-type material at block 130 (i.e., with the 
semiconducting-type material being bound by the inert-type material and the seeding 
substrate). At block 140, the semiconducting-type material is heated and liquefied using 
approaches such as furnace annealing, laser annealing, flash annealing or rapid thermal 

10 annealing (RTA). The inert-type material holds the liquid semiconducting-type material in 
place, effectively forming micro-crucibles of liquid-phase semiconducting-type material, 
the micro-crucibles being relatively small and, in some instances, having nanometer-scale 
dimensions. In this regard, nano-scale micro-crucibles can be implemented for forming 
nanowires and other nano-scale devices. At block 150, the liquefied semiconducting-type 

15 material is cooled and crystallized, with a crystallization front beginning at and extending 
from the seed location in a first direction. 

As discussed above, defects typically associated with the crystallization of the 
liquefied semiconducting-type material emanate from the seed location. These defects are 
mitigated via the arrangement of the inert-type material, using a necking type approach as 

20 discussed above. In one instance, upon reaching the inert-type material, the direction of the 
crystalline front is changed, which substantially promotes the growth of substantially 
single-crystal material after the change in front direction. The growth of single-crystalline 
material continues to propagate in the changed direction during cooling, creating a single- 
crystalline region that can be used to form one or more of a variety of semiconductor 

25 devices. In another instance, the inert-type material has a cross-section through which the 
crystalline growth front propagates that is sufficiently small to inhibit the continued growth 
of defects. 

The approach to forming single-crystal material discussed in connection with FIG. 
1 A can be implemented using many different arrangements and processing parameters in 
30 manners generally consistent with the above approach. In addition, many different types of 
semiconductor devices in a variety of arrangements can be manufactured using the 
approach discussed above. In this regard, the available material, available manufacturing 
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equipment, type of device using the single-crystal material and arrangement of devices on a 
common substrate on which the single-crystal material is formed can be taken into 
consideration when implementing the approach shown in FIG. 1 A. 

One particular example approach for liquefying and crystallizing germanium as 
5 applicable to the above-discussed approaches is as follows. A silicon nitride insulative 

material is deposited on top of a (100) silicon wafer, with seeding windows patterned in the 
insulative material to expose the silicon wafer. Germanium is sputtered non-selectively 
onto the silicon nitride and exposed portions of the silicon wafer. The germanium is then 
patterned, followed by a conformal low-temperature oxide (LTO) deposition using low 

10 pressure CVD (LPCVD). The germanium is then heated in an RTA chamber in which it is 
brought up to about 940 degrees Celsius for about 2 seconds. The silicon wafer is then 
cooled down naturally in the RTA chamber, taking about 10 seconds to reach a temperature 
of about 400 degrees Celsius. Alternately, the silicon wafer cooling rate can be controlled 
via one or more of a variety of cooling techniques, such as the use of air, cooling (z.e., 

15 refrigerating) devices and others, as slowed using a variety of heating approaches. During 
the cooling, liquid-phase epitaxy of the liquefied germanium occurs, with a growth front 
starting from silicon-germanium interfaces at the seeding windows and propagating 
laterally through the liquefied germanium on the silicon nitride. 

FIG. 1 B shows a cross-sectional view of a structure and approach for growing 

20 relatively defect-free crystalline material, according to another example embodiment of the 
present invention. The approach shown in FIG. 1 B can be implemented, for example, in 
connection with the approach shown in FIG. 1 A. A layer 170 of inert-type material is 
formed over a seeding substrate 160. An opening is formed in the layer 170 to expose the 
seeding substrate 160 and a semiconducting-type material 180 is formed at a seeding 

25 location 162 in the opening, adjacent to the layer 170 and on the seeding substrate 160. 

Additional inert-type material 190 is formed to enclose the semiconducting material 180. 
The semiconducting material 180 is heated, liquefied and cooled to initiate crystalline 
growth at the seeding location 162. Growth propagates in a direction represented by the 
arrow 182, with defects initiating at the seeding location 162 being reduced and/or 

30 eliminated as the crystalline growth front propagates through a cross-sectional portion 192 
of the inert material 190. This defect reduction (i.e., necking) at cross-section 192 is 
facilitated via the size of the cross-section and characteristics of the crystalline growth, 
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with the cross-section being implemented to achieve the defect reduction relative to the 
type of material being crystallized. 

FIGs. 2A-2F show cross-sectional views of a portion of a semiconductor device 200 
at various stages of manufacture, according to another example embodiment of the present 
5 invention. Beginning with FIG. 2A, a silicon-based substrate 205 (e.g., silicon including 
substrate such as bulk silicon and/or SOI type substrates common to semiconductor wafers) 
is used as a base and a relatively thin layer 210 of inert-type material is formed over the 
silicon substrate 205. The inert-type layer 210 may include, for example, one or more of a 
variety of materials compatible with the particular type of crystalline growth, including 

1 0 conducting and insulating materials such as nitrides, oxides, metals and others. 

Furthermore, the inert-type layer 210 can be grown and/or deposited, depending upon the 
application and available material. 

In FIG. 2B, the inert-type layer 210 has been patterned to expose a portion of the 
silicon substrate 205. The shape of the pattern and resultant shape of the inert-type layer 

15 210 can vary by some degree and further can be selected to effect a particular geometry for 
end-use implementations of the single crystal germanium to be formed as discussed below. 
In some instances the inert-type layer 210 is patterned such that an array of small openings 
in the inert-type layer expose the silicon substrate 205, each opening forming a seed region 
for initiating crystalline germanium growth. In this instance, the patterning of the inert- 

20 type layer 210 has exposed a seed region 212 immediately adjacent the remaining portion 
of the inert-type layer. 

In one implementation, a thin silicon layer is formed at the top portion of the inert- 
type layer 210 to facilitate the coverage of germanium subsequently formed as discussed 
below in connection with FIG. 2C. This thin silicon layer has a thickness selected to fit the 

25 particular implementation to which it is applied to facilitate, for example, germanium 
coverage while exhibiting relatively little to no defects near the interface between the 
germanium layer 220 and the thin silicon layer. For example, a thin amorphous silicon 
layer having a thickness sufficiently small (e.g., less than about 5 nanometers) so as to 
generally not affect the crystalline germanium growth can be implemented over the inert- 

30 type layer 210 to facilitate the coverage of germanium. Other thin layers such as sputtered 
germanium that promote the coverage of germanium as it is formed on the patterned inert- 
type layer 210 can also be used. 
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FIG. 2C shows a germanium-containing layer 220 having been formed over the 
patterned inert-type layer 210 and the silicon substrate 205. The germanium-containing 
layer 220 includes germanium material such as amorphous germanium, polycrystalline 
germanium, silicon germanium and doped germanium (e.g., doped with boron, 
5 phosphorous, antimony, arsenic, another suitable dopant, or a combination thereof). In 

addition, the germanium-containing layer 220 can be formed using one or more of a variety 
of approaches, such as chemical vapor deposition (CVD), physical vapor deposition 
(PVD), sputtering, selective deposition, a Damascene approach or spin-on coating. The 
germanium layer 220 is then patterned to form one or more germanium device locations on 
10 the inert-type layer 210 as shown in FIG. 2D, with a small portion of the germanium layer 
220 forming a silicon-germanium interface with the silicon substrate 205 at seed location 
212. 

In one instance, the germanium layer 220 and the underlying inert-type layer 210 
are patterned in a single step, such that sidewalls of the patterned germanium-layer are 

1 5 aligned with sidewalls of the inert-type layer as shown, for example, at the left region of 
the device 200 in FIG. 2D. This approach facilitates the formation of devices adjacent to 
devices using the patterned germanium and directly on the silicon substrate 205. For 
instance, where a silicon-based device is to be formed on the substrate 205 laterally 
adjacent to the patterned germanium-containing layer 220 and inert-type layer 210, the 

20 removal of the underlying inert-type layer 210 during the germanium patterning may be 
desirable. 

In other instances where adjacent devices employ an insulator layer, such as a 
silicon-on-insulator (SOI) device, the insulator layer 210 is optionally left extending well 
beyond the lateral bounds of the patterned germanium layer 220 so that the adjacent 

25 devices can use the same insulator layer. After patterning of the germanium layer 220, 

semiconductor material (e.g., epitaxial silicon for a SOI device) is grown and/or deposited 
on the insulator layer 210 and laterally adjacent the germanium layer 220. Alternatively, 
the germanium layer 220 is formed and patterned after the formation of the adjacent device 
(e.g., after epitaxial growth/etching of silicon for SOI structure). 

30 Referring now to FIG. 2E, an inert-type layer 230 is shown having been formed 

over and on sidewalls of the patterned germanium layer 220, the inert-type layer 210 and 
the silicon substrate 205. The inert-type layer includes material, such as silicon oxide or 
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silicon nitride, that has a higher melting point than the germanium layer 220 and is 
relatively inactive with the germanium layer 220. The germanium layer 220 is then 
liquefied and crystallized as shown in FIG. 2F, with arrows showing progression of a 
crystallization front that begins at the seed location 212. Liquefying the germanium layer 
5 220 is achieved using one or more of the approaches discussed above and may involve, for 
example, placing the device 200 in a furnace chamber or other heating device commonly 
used in semiconductor fabrication. The inert-type layer 230 remains intact while the 
germanium layer 220 is in liquid phase such that the liquefied germanium is substantially 
held in place (i.e., does not flow). 

10 The crystallization front extends generally upward from the seed location 212 (as 

shown by arrow "A" pointing upward) until it reaches an upper bound at the inert-type 
layer 230. This first crystallization stage results in the formation of crystalline germanium 
222 having defect characteristics typically associated with crystalline lattice mismatch 
exhibited between the silicon substrate 205 and the germanium layer 220. Mismatch 

1 5 between the crystalline structure of silicon and germanium is typically about 4%, causing 
defects as growth propagates from a silicon-germanium interface. For instance, threading 
dislocations and stacking faults can grow from the seed location 212 in an upward direction 
as shown by the arrow. Upon reaching the inert-type layer 220, these and other defects are 
terminated as the crystallization front changes direction to a generally lateral direction as 

20 shown by horizontal arrow "B." In this second crystallization stage (after the change in 
direction of the front), crystalline germanium 224 is substantially all single-crystal 
germanium (e.g., (100) and/or (1 1 1) germanium using corresponding (100) and/or (1 1 1) 
silicon seed locations). 

The orientations and corresponding propagation directions of the crystalline fronts 

25 as shown in and discussed in connection with FIGs. 2A-2F are shown by way of example, 
with a variety of different arrangements and orientations being applicable to the example 
approaches and implementations discussed above. For instance, the inert-type layer 210, 
germanium layer 220 and inert-type layer 230 can be formed in an arrangement wherein a 
first stage crystalline germanium growth is in a horizontal direction with a subsequent 

30 change to a vertical direction for a second stage (primarily single-crystal) germanium 
growth. In these and other implementations, the change in propagation direction of the 
crystalline growth front is selected to be sufficient to inhibit defect-type growth associated 
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with the first stage discussed above and to promote single crystal growth associated with 
the second stage. 

In one particular implementation, the arrangement of the inert-type layer 210, 
germanium layer 220 and inert-type layer 230 are selected as a function of characteristics 
5 that affect the angle of propagation of the crystallization front. For instance, the angle of 
crystallization front propagation angle is affected by the lattice mismatch between the 
germanium layer 220 and the silicon substrate 205. In this regard, a relatively low 
propagation angle during the first stage as shown by arrow "C" can be inhibited by a 
relatively deep seeding location. Referring to the dimensions "H" (height) and "W" 

10 (width) of the seeding location, these dimensions can be selected as a function of the 

propagation angle (relative to the silicon substrate 205) to ensure a sufficient change in 
direction of the propagation front. As the propagation angle decreases (i.e., becomes more 
horizontal), the height "H" is correspondingly increased to reduce the length that the front 
may travel over the inert-type layer 210. As shown with arrow "C," a sidewall of the inert- 

1 5 type layer causes a change in direction of the portion of the crystallization front extending 
as shown. 

FIG. 3 is a flow diagram for an approach to growing a germanium-based material 
using patterned seed locations, according to another example embodiment of the present 
invention. The approach shown in FIG. 3 can be applied, for example, to a process 

20 represented by the various stages of manufacture shown in FIGs. 2A-2F. Beginning at 
block 310, an inert-type layer is formed on a silicon substrate and seed openings are 
patterned in the inert-type layer to expose underlying silicon substrate at block 320. 

After the inert-type layer is patterned, a germanium-containing layer is formed over 
the inert-type layer and on the silicon substrate in the seed openings at block 330. At block 

25 340, the germanium-containing layer is patterned to form germanium structure regions, 

with each region having at least one seed location. Referring to FIG. 2D as an example, a 
multitude of germanium structure regions can be formed in the manner shown with the 
patterned germanium layer 220 and seed location 212. 

An inert-type material is formed over and laterally adj acent to the patterned 

30 germanium-containing layer at block 360, substantially enclosing exposed portions of the 
germanium-containing layer. The liquefaction is achieved using one or more of a variety of 
approaches discussed above and otherwise. The inert-type material is then used as an 
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upper and sidewall boundary, with the inert-type layer and the seed location further serving 
as lower and sidewall boundaries, to contain the germanium-containing layer as it is 
liquefied at block 370. 

At block 380, the liquefied germanium is allowed to cool, with a simple removal of 
5 the source used to liquefy the germanium and/or with a cooling process. As the liquefied 
germanium cools, it begins to crystallize at the seed location with a crystallization front 
propagating in a generally upward direction from the seed location. This initial 
crystallization front propagating from the seed location involves the formation of defects 
such as lattice mismatch defects that occur due to a lattice mismatch between the liquefied 

10 germanium and the silicon substrate. These defects are undesirable for implementation in 
semiconductor device applications including, for example, channel regions that typically 
benefit from single-crystal structures. 

The lattice mismatch defects are inhibited using a change in direction of the 
crystallization front. Specifically, the inert-type material is used at block 390 to change the 

1 5 generally upward propagation direction to a more lateral direction. This change in 
crystallization front direction causes a change in the type of crystalline growth, 
substantially inhibiting the formation of the lattice mismatch defects in the crystalline 
structure. After the change in propagation direction of the crystalline front, the cooling and 
crystallization of the liquefied germanium forms a crystalline germanium structure that is 

20 substantially single-crystal germanium. Once the liquefied germanium has been 

crystallized, the structure is ready for implementation in a variety of applications, such as 
use as an active region or a channel region for a switching circuit (e.g., a transistor). 

FIG. 4A shows cross-sectional, cut-out view of a silicon wafer 400 coated with an 
inert-type layer 410 having an array of seed openings 406, 407, 408 and 409 patterned 

25 therein, according to another example embodiment of the present invention. The device 
400 can be implemented using, for example, one of the germanium crystallization 
approaches discussed above with the seed openings 406-409 being used to initiate the 
crystallization of liquefied germanium. Referring to cutout portion 401, seed opening 406 
includes a generally rectangular opening extending down to the inert-type layer 410, with 

30 sidewalls including exposed sidewalls 460 and 461. In one implementation, the device 400 
is used to form Silicon-based devices adjacent germanium devices employing the seed 
openings 406-409. 
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FIG. 4B is a cross-sectional, cut-out view of a semiconductor device 404 having an 
array of GeOI semiconductor regions formed using a wafer similar to that shown in FIG. 
4 A, according to another example embodiment of the present invention. Two germanium- 
type devices 420 and 430 are shown having been formed using a crystallization approach 
5 similar to those discussed above, with seed locations such as shown in FIG. 4A used to 
initiate crystalline growth. The shape of the germanium-type devices 420 and 430 is 
controlled by an etching process used in forming germanium (prior to liquefying and 
crystallizing), with dimensions selected for the particular application in which the devices 
are to be applied. An upper inert-type layer (having been removed here in FIG. 4B) is used 

10 to change the direction of a crystalline growth front and facilitate the growth of 

substantially single-crystal germanium in a lateral direction of, e.g., 10 microns or more. 

Using germanium device 420 as an example, an inert-type layer 410 is patterned 
over a silicon substrate 405 to form seed location 412 extending down through the inert- 
type layer and exposing the silicon substrate 405. The cut-out 402 shows a seeding portion 

15 422 of the germanium device 420 over region 412 extending down through the inert- type 
layer 410 and interfacing with the silicon substrate 405. A crystalline growth propagates 
upward towards an upper surface of the germanium device 420 (bound by the inert layer 
prior to removal), where a change in direction of the growth front to a generally horizontal 
direction promotes single-crystal germanium growth in region 424. The array shown in the 

20 cross-sectional, cut-out view of device 404 is extended as desired for the particular 
implementation in which the device is used. 

As discussed above, the single-crystal germanium formed in connection with 
various example embodiments can be used in the formation of a variety of devices. FIG. 5 
shows one such device 500 including an insulated gate field-effect transistor (IGFET) 

25 having an epitaxially-grown germanium-based active layer 524 in a GeOI structure, 
according to another example embodiment of the present invention. The IGFET-type 
device 500 includes an inert-type layer 510 over a bulk substrate 505 and the active 
germanium-based layer 524 on the inert-type layer. The active germanium-based layer 524 
is grown using one or more of the above-discussed approaches, with patterning used to 

30 form the end device as shown. Growth of the active germanium-based layer 524 involves 
the initiation of crystallization at a seed location 512, with a first stage of crystalline growth 
in region 525 of the germanium-based layer extending upward. This first region 525 
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generally includes defects associated with a lattice mismatch at an interface between the 
germanium-based layer 524 and the bulk substrate 505 at the seed location 512. Upon a 
change in direction of growth to a generally horizontal direction in region 526 of the 
germanium-based layer 524, defects due to the lattice mismatch are substantially 
5 terminated. Continuing propagation of a crystalline front in the generally horizontal 
direction in region 526 forms substantially single-crystal germanium. 
A gate dielectric layer 522 in the single-crystal germanium region 526 separates a channel 
region 564 from a gate electrode 550. Source/drain regions 560 and 562 are also in the 
single-crystal germanium region 526 and are electrically coupled in a current-passing mode 

10 when the channel region 564 is switched into a current-passing state via a signal applied to 
the gate electrode 550. In some implementations, portions of the active germanium-based 
layer 524 near the seed location 512 are removed. 

In various other embodiments, one or more of the approaches and/or devices 
discussed herein are implemented in the formation and arrangement of a variety of other 

1 5 devices. In this regard, the following devices may be implemented in connection with one 
or more example embodiments discussed herein: FinFET devices; Ge, SiGe or GaAs 
bipolar junction transistors (BJTs) or heterostructure bipolar transistors (HBTs); RF (radio 
frequency) circuits; optical devices such as detectors and light emitting diodes (LEDs); 
virtual substrates amenable to growth of strained Si, strained Ge and/or strained SiGe (and 

20 associated devices), GaAs or other materials; three-dimensional integrated circuits and 
heterogeneous integration involving one or more of second level devices and circuits, 
including memory and logic, embedded circuits, matrix type memory and matrix-type 
circuits, optical latches and clocking devices integrated to silicon chips. 
While the present invention has been described with reference to several particular example 

25 embodiments, those skilled in the art will recognize that many changes may be made 

thereto without departing from the spirit and scope of the present invention, which is set 
forth in the following claims. 



